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 Manage Reverse Power Flow and Fault Current 
Level in LV Network with High Penetration of Small 
Scale Solar and Wind Power Generation  
 
 
Abstract— High penetration level of rooftop small-scale 
renewable energy generation (REG) such as solar and wind 
power into the existing low voltage (LV) network would cause the 
flow of power in reverse direction. This would also vary the level 
of short-circuit current required for relays to operate. Relay 
settings would be required to properly detect the unpredictable 
fault current and isolate the faulty section. This paper 
investigates the impact of residential distributed generation (DG) 
penetration level on the typical UK low voltage network 
protection system. Studies were commenced to properly charge 
and discharge the home connected energy storage battery (ESB). 
ESB is used as a remedial measure to confine the flow of reverse 
power due to rooftop DGs. Penetration level DGs are modeled 
based on proper ESB charging and discharging states in daily 
load cycle. Short circuit analysis is simulated on 
Matlab/Simulink. The power flow from the transformer 
secondary is managed to avoid malfunctioning of relays 
according to daily load cycle. Short circuit analysis results are 
compared with the UK passive network to investigate the impact 
of the DG on the short circuit currents at distribution 
transformer.  
Keywords— Rooftop DG penetration, UK distribution network, 
energy storage batteries, short circuit analysis,  reverse power flow  
I. INTRODUCTION  
Small rooftop solar and wind power generation of 
homeowner and communities projects would be the key 
opportunities for the planner to meet future electricity demand. 
The existing electrical grid infrastructure was originally 
designed to supply power from the source to load. But with an 
extensive increase of power production from DGs as a result of 
very low tariff for home power producer, reverse power may 
flow from LV to MV network that imposes technical 
challenges [1]. DG causes the system to lose its radial power 
flow and increase the fault level of the system so protection 
relay settings should be changed. High penetration of DGs 
might cause overvoltage at the point of connection, particularly 
at LV network. Some types of DGs are connected to the grid 
via power converters that inject harmonics into the system and 
quality of power is affected. Some of renewable DGs are 
intermittent in nature that results in fluctuation in the 
production of power. Technical measures are required to 
eliminate those negative impacts while still enabling the full 
benefits of renewable energy [2]. Power generation capacity 
and network reliability would be improved with DGs but 
intermittent nature of renewable power generation can affect 
system stability. Utility companies would curtail energy 
production particularly during high power production but low 
demand, particularly during daytime [3].  
It is expected that the DGs may be operated in islanding 
mode but the electrical energy generated from PV panels or 
wind turbines is in unfavorable conditions as intermittent in 
nature [4]-[5]. The intermittent behavior of solar and wind 
energy has made it imperative to analyze the daily load cycle 
and use energy storage battery to store energy along with 
system reliability. Energy storage is required at LV distribution 
network to store excessive electric energy generated by DGs 
and supply power back during low generation times and high 
demand. 
This research work analyses the high penetration level of 
rooftop solar and wind power DGs and its impacts on fault 
current contribution of UK LV network. Results of short circuit 
analysis are compared with the UK passive network. Energy 
storage batteries in presence of DGs are used to confine the 
reverse flow of power at distribution transformers. DGs with 
batteries would allow a suitable amount of fault current to flow 
from the transformer side, which would avoid mal-trip and fail 
to trip of relays. UK LV network is simulated in 
Matlab/Simulink software. The rest of the paper is organized as 
follows. Section II explains the fundamentals of system 
protection with a high penetration level of DG. Section III 
presents the modeling of UK rooftop DG penetration level at 
LV network. Section IV illustrates the simulation results of 
fault analysis with DG, EVs, and energy storage batteries. 
Section V concludes the paper. 
II. SYSTEM FUNDAMENTALS 
In conventional distribution network, fault current travel 
from the grid in the downstream direction. The overcurrent 
relays are uni-directional in nature. In the future active 
distribution system, penetration level and location of DG can 
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change the network configuration. Fig. 1 shows the part of the 
distribution network. The penetration level of DG1 and DG2 
would reduce the fault current share from the grid. The 
protection systems can fail by not removing the faulty 
component (fail to trip) CB2 if DG2 penetration level is higher 
as the fault current will be shared by DG2. In case, DG1 
penetration level is much higher most fault current will be 
shared by DG1 that can trip the breaker CB3 known as mal to 
trip. Moreover, the presence of DG1 and DG2 may cause 
protection deficiency called “reduction of reach”. Fault current 
seen by the relay at CB1 would be reduced which can lead to 
improper operation of overcurrent relays [6]-[7]-[8]. 
Fig. 1.  Flow of fault current in distribution feeder with DGs 
III. MODELING OF DG PENETRATION LEVEL 
Typical UK distribution network model discussed in [9]-
[10] is used in this paper with DGs, mainly from rooftop 
Photovoltaic (PV) generations and wind power. Summer home 
load profile at a bright sunny day of UK is selected as shown in 
Fig. 2. Because rooftop PV (3 kW) generation during daytime 
is more than home load consumption so reverse power flow is 
observed. The wind power generation data pattern is collected 
from the rooftop wind generator (6 kW) at Glasgow 
Caledonian University campus.  
 
 
Fig. 2. Home load profile, PV and wind production for 24 hour period 
 (Summer season) 
In this research, 11/0.4 kV 500 kVA distribution 
transformer is selected as a reference to model the percentage 
penetration level of DG at LV network. Fault current level is 
analyzed based on DG penetration levels. Individual 
penetration level percentage of wind turbines, PVs generation 
and total DG percentage level with respect to 500 kVA 
transformer are analyzed as shown in Fig. 3. 
 
 
Fig. 3. % DG penetration level (78% wind, 25% PV) and % home load 
Percentage DG penetration level at both ends of the day is 
more than 30%. At mid-day, it has touched 100% of the 
transformer capacity as shown in Fig. 3. With high penetration 
level of DG reverse power flow has increased and reached a 
maximum level in the middle of the day as shown in Fig. 4. 
 
Fig. 4. Total power flow from 500 kVA transformer for 103% DGs 
 penetration 
A. Impact of EVs and Energy storage batteries on reverse 
power flow 
 EVs can be initiated as real power load demand on LV 
distribution network during high renewable DG power 
production. Out of 384 homes, 220-240 EVs are charged 
throughout the day. Standard 3 kW domestic chargers are used 
for 6 hours in this research work [11]-[12]-[13]. The slot of 60 
EVs are charged one after the other for 6 hours bringing 180 
kW extra load during 24 hrs load cycle as shown in the Fig. 5. 
EVs are not charged in morning time while driving to offices 





































Downstream fault current from Grid 
 
Fig. 5. Load profile of 60 EVs 
In this research total of 200 home batteries with a rating of 
1kW is used. Numbers of batteries may be varied depending 
upon manufacturer capacities. Small size Lithium-ion batteries 
ranging from 1–10 kWh are available to maximize the PV 
consumption by storing electricity during off-peak times [14]. 
During peak production of power from DGs, batteries at homes 
are charged. In daily load cycle, batteries are required to charge 
in mid-day and discharged during both ends of the day i.e. 
from 0 to 8 hrs and 20 to 24 hrs. Fig. 6 shows power produced 
and consumed by the batteries during charging and discharging 
cycle in 24 hrs. 
 
Fig. 6. Power consumed and produced by the batteries during charging and 
 discharging 
Fig. 7 shows flow of power from 500 kVA transformer 
when batteries are charged and discharged. It is obvious that 
high production of power is required in mid-day to charge the 
batteries and less power generation at both ends of the day to 
discharge batteries. To achieve this wind penetration level is 
decreased and PV generation is increased. Otherwise, with a 
high penetration level of wind, there will be not a sufficient 
time for batteries to discharge at both ends of the day. This will 
also allow power to flow downstream for protection. 
Otherwise, without batteries, it would be impossible for homes 
to generate power. 
 
Fig. 7. Total power flow from 500 kVA transformer with 78% wind, 
 25% PV, 39% EVs and 40% batteries 
The penetration level of wind is reduced to 26 % and 
penetration level of PV is increased to 53 %. With this scheme, 
batteries would be able to discharge at both ends of the day and 
charged at mid-day when PV power production is at maximum. 
Fig. 8 shows the power flow from the transformer. By proper 
penetration of DGs, EVs and energy storage batteries reverse 
power flow can be averted. High reverse power is not required 
as it will be required to change the protection schemes, relay 
settings as well as voltage rise. 
 
Fig. 8. Total power flow from 500 kVA transformer with 26% wind, 53% 
 PV, 39% EVs and 40% batteries 
IV. SIMULATION RESULTS   
In UK distribution network, high rupturing capacity (HRC) 
fuses are used for the protection of LV circuits. The LV fuse 
rating of a 500 kVA transformer as per British standard BS88 
part 5 is shown in Table I [15]. 
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Fig. 9. Flow of current during fault at UK radial network 
The schematic diagram of the simulated UK distribution 
network is shown in Fig. 9. The only single 11/0.4kV feeder is 
selected for simulation study in this research paper. 11/0.4 kV 
substation supplies 384 properties distributed along outgoing 
radial feeders. At each case three-phase fault is applied 
between node B11 and B12 and short circuit analysis is 
conducted. Three phase fault is removed after 0.1 seconds so 
inverter base DG remains connected during fault time as per 
G83/2 and G59/1 Engineering Recommendations. In this 
research work fault contributed from upstream 11 kV side of 
500 kVA distribution transformer is analyzed. The current in 
both directions at the LV side of the transformer (bus B11) is 
measured.    
 Short circuit analysis is conducted on UK passive network 
that illustrates the reference fault level during a short circuit. 
The fault level with high penetration of DGs is compared with 
reference fault level. Finally, EVs and energy storage batteries 
are used as remedial measures to confine the flow of short 
circuit current contributed by DG at 400V network.  
A. Fault Analysis of Domestic Load without DG  
Typical daily load profile over 24 hours was simulated on 
UK distribution network. The hourly load is scaled down in 
seconds so that fault analysis may be conducted. Phase current 
profile at the secondary side of the transformer is shown in the 
Fig. 10. 



























Fig. 10.  Phase current profile at LV side of TF 
 
Three phase short circuit fault is applied at 5 sec and 
removed at 5.1 sec. This is the time when minimum current is 
flowing towards residential properties and the share of fault 
current from the substation can be analyzed. Fault current of 
450 Ampere is contributed by the substation as shown in Fig. 
11. This amount of current is well enough to pick up the signal 
and circuit breaker would trip before the fuse is blown up. 
 
Fig. 11.  Fault current contributed by the substation 
B. Short circuit Analysis with 78% Wind and 26% PV 
The high penetration level of DG injects power into the 
grid.  High reverse power flow towards upstream 11 kV 
network may exceed the pickup current of the relays. This 
would result in the tripping of CB initiated by overcurrent relay 
although not a fault current. Hence, at a high penetration level 
of DG rating of fuses and settings of CB may be required to 
update. Moreover, bi-directional current relays would be 
required to anticipate reverse current.  
In the future grid, if the high reverse current from LV 
feeder to medium voltage feeder is not tackled properly 
residential DG owners would be forced to drive their units at 
low capacity. Current profile is shown in the Fig. 12. Reverse 
current reached 550 Amp at 14 sec but the fuse rating is 400 
Amp. Though this is not a fault, the relay would pick up signal 
and trip the CB. The settings of the relays and rating of fuses 
need to be updated. 
 



























Fig. 12. Phase current profile at LV side of the transformer with DG 
Three phase fault is applied between bus B11 and B12 at 
14 sec to evaluate the amount of current flowing through fuse 
as shown in Fig. 13. It is evident DGs at LV side that has 
caused reverse power flow would share a significant amount of 
fault current. During a fault, reverse current is less than 
threshold limits i.e. 400 Amp and relay malfunctioning would 
be observed.   
 
Fig. 13.  Fault current contributed by the substation at 14 sec 
 
C. Short circuit Analysis with 26 % Wind, 53 % PV, 39% 
EVs and 40 % Batteries 
Fig. 14 shows the schematic diagram of UK active 
distribution network with DGs, EVs, batteries and domestic 
load. It is evident that placing ESB flow of power from the grid 
is towards home load and DGs are not causing reverse flow of 
power.  
Fig. 15 shows phase current at LV network after adding 
energy storage batteries 
































Fig. 15. Phase current profile at LV side of the transformer with DG, EV’s 
 and Batteries 
Three phase fault is applied at 22 and removed at 22.1 sec 
as shown in Fig. 16. Fault current is almost same as measured 
in Fig. 11 when there was no DG and uni-directional flow of 
power in a radial distribution feeder. 
 
 
 Fig. 14. Flow of current during fault with DGs, EVs and ESBs 































Fig. 16. Fault current contributed by the substation at 22 sec 
Charging and discharging of ESB can be further managed 
to incorporate more DGs in a system based on fault current 
level. This fault level (450 amps) is almost the same as when 
no DG was connected to UK low voltage network.   
V. CONCLUSION 
The high penetration level of rooftop DGs at LV network 
would cause reverse flow of power from LV to MV network as 
home load consumption is less than DG power production. 
This result relay malfunctioning as a share of fault current from 
grid upon which relay pick up signal and trip CB is less than 
the threshold. Proper charging and discharging schedule of 
ESB causes the flow of power from the grid to LV network. 
Proper penetration modeling and selection of particular 
renewable DGs would create duration of time in which ESB 
can be charged and discharged properly. High penetration of 
wind power generation affects the time duration required for 
ESB to discharge as both ends of the day power production is 
more. The high penetration level of PVs is more suitable as 
compared with wind power generation because ESB would be 
able to charge during the daytime when PV production is 
maximum and discharge during both ends of the day when PV 
production is negligible. ESB in charge mode has caused extra 
load on LV distribution network so power and fault current 
again flow from MV to LV network. This scheme would also 
overcome the new settings required for relays during high DG 
penetration power production as feeder again behave as passive 
network though DGs are feeding LV network.   
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